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Abstract

Ralstonia (Wautersia, Cupriavidus) metallidurans (Rme) is better able to withstand
high concentrations of heavy metals than any other well-studied organism. This fact
renders it a potential agent of bioremediation as well as an ideal model organism for
understanding metal resistance phenotypes. We have analysed the genome of Rme
for genes encoding homologues of established and putative transport proteins; 13%
of all genes in Rme encode such homologues. Nearly one-third of the transporters
identified (32%) appear to function in inorganic ion transport with three-quarters
of these acting on cations. Transporters specific for amino acids outnumber sugar
transporters nearly 3:1, and this fact plus the large number of uptake systems for
organic acids indicates the heterotrophic preferences of these bacteria. Putative drug
efflux pumps comprise 10% of the encoded transporters, but numerous efflux pumps
for heavy metals, metabolites and macromolecules were also identified. The results
presented should facilitate genetic manipulation and mechanistic studies of transport
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in this remarkable bacterium. Copyright © 2005 John Wiley & Sons, Ltd.
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Introduction

Ralstonia metallidurans (Rme; previously Alcali-
genes eutrophus, renamed in 2004 Wautersia met-
allidurans and then Cupriavidus metallidurans;
Goris et al., 2001; Vandamme and Coenye, 2004;
Vaneechoutte et al., 2004), is a Gram-negative fac-
ultative chemolithoautotrophic B-proteobacterium.
It was first identified in 1976, when it was isolated
from industrial sediments, soils and wastes that
were polluted with high concentrations of various
heavy metals, such as cobalt, zinc, nickel and cad-
mium (Mergeay et al., 1985). The concentrations of
these metals that can exist in the habitats of Rme
greatly exceed the values that are lethal to almost
any other living organisms. Rme is related to the
important plant pathogen Ralstonia solanacearum
(Boucher et al., 2001), which is resistant to a wide
variety of drugs and toxic compounds. The com-
plete genome sequence of the latter organism is
available (Salanoubat ef al., 2002).

Copyright © 2005 John Wiley & Sons, Ltd.

The properties of Rme render it potentially
important for purposes of bioremediation, such
as for the degradation of aromatic compounds
and xenobiotics, even in the presence of heavy
metals as additional pollutants. Rme is also able to
synthesize polyhydroxyalkalonates (PHAs), which
accumulate as carbon and energy sources and might
be useful for the development of biodegradable
plastics. The extraordinary heavy metal resistance
of Rme and its ability to accumulate these metals
on its surface make it a candidate for a variety of
clean-up purposes (Legatzki et al., 2003a; Mergeay
et al., 2003; Nies, 2003).

Two low copy number plasmids, pMOL30
(238 kb; Mergeay et al., 1985) and pMOL28
(180 kb; Taghavi et al., 1997), that are stably car-
ried by Rme strain CH34, are primary determinants
of the remarkable heavy metal resistance charac-
teristic of Rme (Legatzki et al., 2003a,b). Both
are self-transferable at low frequencies, potentially
offering a new approach for inserting resistance
genes into other organisms. Rme lacks the RecBCD



pathway for DNA degradation — a property that
allows it to serve as an acceptor for foreign resis-
tance genes. The fact that specific transport sys-
tems responsible for the uptake and export of var-
ious metabolites and heavy metals (Andres et al.,
2000; Borremans et al., 2001; Goris et al., 2001;
Juhnke et al., 2002; Mergeay et al., 2003; Nies,
2003; Roux et al., 2001) have been better charac-
terized in Rme than in any other bacterium (Nies,
2003), renders Rme a model organism for basic
research on metal resistance and homeostasis.

It has been suggested that the resistance of
Rme to heavy metals and toxic compounds results
from multiple layers of efflux pumps with over-
lapping substrate specificities (Juhnke et al., 2002;
Nies, 2003; Silver, 2003). However, comprehen-
sive genome analyses of the transporters in Rme
are still lacking. In this paper we correct this defi-
ciency, reporting bioinformatic studies of all rec-
ognizable transporters encoded within the genome
of Rme.

Computer methods

The protein sequences of Rme were extracted
from the JGI database and downloaded for all
of the analyses reported here. The sequenc-
ing work done at JGI (http:/genome.jgi-
psf.org/draft_microbes/ralme/ralme.home.html)
and the annotation project performed by the CH34
annotation consortium (http://genome.ornl.gov/
microbial/rmet/) formed the basis of this work
and are acknowledged at this point. Since the
names of the CH34 genes have changed many
times in the past, as has the name of the organism,
cross-reference tables are supplied as supplemen-
tary material (http://bionomie.mikrobiologie.uni-
halle.de/SupMat/SupplMat.htm). Computer-ai-
ded searches were conducted to retrieve all pro-
teins encoded within the genome that are rec-
ognizably homologous to transport system con-
stituents included in the Transporter Classifica-
tion Database (TCDB; Busch and Saier 2002;
Tran et al., 2003). Briefly, all proteins encoded
within the genome were blasted in an auto-
mated manner (using BLASTP) against TCDB.
Additional databases used for protein functional
analysis were the non-redundant SWISSPROT
and TrEMBL protein sequence databases. Sev-
eral protein pattern databases (conserved domain
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databases at NCBI and Pfam) were also used.
Charge bias analyses of membrane protein topol-
ogy were performed using the TMHMM (Krogh
et al., 2001) and WHAT (Zhai and Saier, 2001)
programs.

Results and discussion

Topological predictions for membrane
transporter homologues

The proteome of Rme was analysed for topological
predictions; 59% (4072) of the 6985 proteins
identified have no predicted TMSs, while 21%
(1434) have only one putative TMS. While most
of the former proteins are likely to be cytoplasmic,
many of the latter will undoubtedly prove to
be periplasmic and outer membrane proteins; 8%
(580) have two or three TMSs, 5% (320) have
four to six TMSs, and 3% each (196 and 223)
have seven to 10 and >10 TMSs, respectively.
Relative to most other prokaryotes analysed, Rme
has increased proportions of integral membrane
proteins of all topological types (Paulsen et al.,
2000).

All putative transport protein constituents recog-
nized in the proteome of Rme were similarly anal-
ysed for topology; 932 putative transporter proteins
(13%) were recognized in the proteome of Rme.
This percentage is higher than observed for most
other organisms with fully sequenced genomes
(Paulsen et al., 2000). About 24% (227) of these
proteins may be cytoplasmic, as they exhibit no
putative TMSs. All others are potential integral
membrane constituents. Of these, 21% (196) are
predicted to have one TMS, 9% (88) have two
or three TMSs, 16% (146) have four to six
TMSs, 10% (94) have seven to 10 TMSs, and
19% (179) have >11 TMSs. Many of the one-
TMS proteins displayed typical leader sequences
at their respective amino-termini and may be
secreted via the Sec and Tat export systems (see
below). They may be receptors for ABC-, TRAP-
T- and TTT-type transport systems (see below).
Since transporter families include proteins that are
almost always concerned exclusively with trans-
port (Saier, 2003), it is probable that nearly all
of these proteins function in transmembrane trans-
port.

Comp Funct Genom 2005; 6: 17-56.
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Classes of transporters found in R. metallidurans

According to the transporter classification (TC)
system, transporters are classified into five well-
defined categories (classes 1-5) and two poorly
defined categories (classes 8 and 9). The well-
defined categories are; (a) channels; (b) secondary
carriers; (c) primary active carriers; (d) group tran-
slocators; and (e) transmembrane electron flow
carriers (Busch and Saier, 2002; Saier, 2000).
The less well-defined proteins include (8) auxiliary
transport proteins and (9) transporters or putative
transporters of unknown mechanism of action or
function (Saier, 2000).

Table 1 summarizes the distribution of the 932
transporter protein constituents from Rme in each
of the major TC categories and also provides a
breakdown of these proteins found in the various
TC subclasses; 123 channel proteins, most of them
outer membrane porins, were identified. However,
the majority of defined transport proteins found
are secondary carriers (304) and constituents of
primary active transporters (343).

Only one phosphoenolpyruvate-dependent, sugar
transporting phosphotransferase system (PTS) per-
mease, which catalyses group translocation of hex-
oses, was found. Further, only 10 transmembrane
electron flow system constituents were identified.
This latter fact may in part reflect the limited rep-
resentation of transmembrane electron flow carriers
in the Transporter Classification Database (TCDB).

Thirty-one auxiliary proteins of TC class 8 and 65
putative transporters of TC class 9 were identified
(Table 1). The probable functional identities of the
individual proteins will be discussed below.

Classes of substrates transported

Table 2 summarizes the numbers of transporter
proteins concerned with the transport of vari-
ous types of substrates; 300 proteins are puta-
tive transport protein homologues concerned with
the uptake or efflux of inorganic ions, and nearly
three-quarters of them are concerned with inor-
ganic cation transport. This observation undoubt-
edly relates to the remarkable heavy metal resis-
tance of Rme.

Forty-one systems specific for sugars and their
derivatives and 110 systems specific for amino
acids and their derivatives were identified. These
facts suggest that amino acid metabolism may be
more important to Rme than sugar metabolism
for heterotrophic growth. This substrate prefer-
ence of Rme has been observed before (Mergeay
et al., 1985). Rme has 142 transport protein homo-
logues putatively concerned with carboxylate trans-
port, which also agrees with the substrate spec-
trum of this bacterium (Mergeay et al., 1985). This
fact, together with the greater number of sec-
ondary carriers relative to primary active trans-
porters, points to a strong metabolic dependency
on respiration rather than fermentation. Ninety-one

Table I. Categories of recognized transport proteins found in Ralstonia metallidurans

No. of No. of
transporters transporters

TC class (%) TC subclass (%)

| Channels 123 (13) I.A. a-Type channel-forming proteins and peptides 27 (3)
|.B. Outer membrane porins (B3-structure) 94 (10)
I.C. Pore-forming toxins (proteins and peptides) I (C.1)
I.E. Holins I (O.1)

2 Secondary carriers 304 (33) 2.A. Carrier-type facilitators 299 (32)
2.C. lon-gradient-driven energizers 5(1)

3 Primary transporters 343 (37) 3.A. P-P bond hydrolysis-driven transporters 290 (31)
3.B. Decarboxylation-driven active transporters 2(02)
3.D. Oxidoreduction-driven active transporters 51(5)

4 Group translocators (PTS) 2(02) 4.A. Phosphotransferase systems 2(02)

5 Transmembrane electron carriers 10 (1) 5.A. Transmembrane electron transfer carriers 10 (1)

8 Auxiliary transport proteins 31 (3) 8.A. Auxiliary transport proteins 31 (3)

9 Poorly-defined systems 65 (7) 9.A. Transporters of unknown classification 10 (1)
9.B. Putative uncharacterized transporters 55 (6)

Unclassified 54 (6) Unclassified 54 (6)

Total number 932 (100) 932 (100)

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 2. Breakdown of transport proteins according to predicted substrate types in Ralstonia metallidurans

No. of No. of
Substrate class transporters (%) Substrate subclass transporters (%)
| Inorganic compounds 300 (32) Cations 221 (24)
Anions 78 (8)
H,O I (0.1)
2 Organic compounds 400 (43) Sugars/sugar metabolites 41 (4)
Amino acids/polyamines 110 (12)
Mono-, di-, tricarboxylates
Fatty acids 142 (15)
Drugs/toxic compounds 91 (10)
Nucleotides/nucleosides 4 (04)
Aromatics 13 (1)
3 Macromolecules 102 (1) Lipoproteins/proteins 75 (8)
Lipopolysaccharides/polysaccharides 20 (2)
DNA 5(0.5)
Lipids I (0.1)
4 Miscellaneous/unknown 130 (14) Miscellaneous 15(2)
Unknown 115 (12)
Total 932 (100) 932 (100)
proteins are predicted to be concerned with trans- Channels

port of drugs and hydrophobic substances, while
130 proteins fall into the miscellaneous/unknown
category.

Global analysis of transporters in Rme and
their family associations

Table 3 summarizes the results of our detailed anal-
yses of transporters found in Rme. On the left, the
family TC number, the name of the family and its
standard abbreviation can be found (columns 1-3).
Column 4 presents the types of substrates known to
be transported by members of the respective fam-
ily. Column 5 gives the number of family members
identified in Rme, while column 6 presents the gene
designation used in the draft version (02jul03) of
the Rme genome analysed here. A full version of
this table that contains all of the various names
of the CH34 genes is provided as supplemen-
tary material (http://bionomie.mikrobiologie.uni-
halle.de/SupMat/Roz_05/Table 3.htm). Column 7
gives the protein size in number of amino acyl
residues, and column 8 provides an estimate of
the number of putative transmembrane spanning
regions (TMSs) for each protein. The TC number of
the protein in TCDB that shows greatest similarity
to the Rme ORF under consideration is presented in
column 9. Finally, column 10 presents the level of
confidence for the functional assignment (1 = sure,
2 = probable, 3 = uncertain or unknown).

Copyright © 2005 John Wiley & Sons, Ltd.

In category 1A (a-type channels), Rme possesses
two members of the VIC family (1.A.1), both
probably K™ channels. Two members of the MIP
family of aqua/glycerol porins are also present.
Four putative chloride channels (CIC family) were
found, as well as one CytB homologue. This last
system may function primarily in transmembrane
electron flow, but no bacterial member of this
family has been characterized (Kimball and Saier,
2002).

MscL (1.A.22), MscS (1.A.23) and MIT (1.A.35)
families are all well represented with one, nine and
four members, respectively. All four MIT family
members are probably divalent cation transporters,
while the MscL and MscS proteins are most
likely non-specific channels for protection against
osmotic stress (Busch and Saier, 2002; Nottebrock
et al., 2003; Pivetti et al., 2003). Rme exhibits two
paralogues within the hsp70 family of chaperone
proteins, some of which have been shown to
be capable of forming transmembrane channels
(Arispe and De Maio, 2000). No other channel-type
proteins of TC class 1.A could be recognized.

A tremendous number of putative outer mem-
brane porins were identified. For example, just
within the general bacterial porin (GBP) family
(1.B.1), 29 paralogues were found. Most of these
proteins are of 300—400 amino acids in length and
probably consist largely of B-structure. A trimeric

Comp Funct Genom 2005; 6: 17-56.
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structure is established for several members of this
family. Three members of the OmpA-OmpF porin
(OOP) family and a single FadLL homologue, pre-
sumably concerned with transport of fatty acids
across the outer membrane, were identified.

The next two families listed in Table 3, the FUP
and AT families, with three members and one
member, respectively, are concerned with export
of proteins across the outer membrane. The three
FUP ushers probably export fimbrial subunits for
the assembly of 3 structurally and functionally
distinct fimbriae. AT family members export their
own N-terminal domains, which in this case may
be a large cell surface protein. However, no surface
layer could be observed for Rme (D. Neumann and
D. H. Nies, unpublished data).

Seventeen OMR family members were identi-
fied. Fifteen of these are probably concerned with
uptake of iron siderophore complexes (subfamilies
1 and 9). One is probably the Rme vitamin Bj,
porin (subfamily 3). The single member of subfam-
ily 4 may be concerned with copper acquisition.

Outer membrane factors (OMFs; TC #1.B.17)
generally mediate efflux of heavy metals, drugs and
macromolecules across the outer membrane in con-
junction with an active efflux pump in the inner
membrane. Twenty-eight homologues were identi-
fied. Of these, one is in subfamily 1 (a general OMF
able to interact with multiple efflux pumps), eight
are in subfamily 2 (concerned with heavy metal
ion efflux), and 19 are in subfamily 3 (concerned
with export of macromolecules, drugs and met-
als). Two members of this last subfamily resemble
oligosaccharide exporters; four most resemble pro-
tein exporters; seven may be involved in export of
drugs and other hydrophobic substances; and three
may function in copper ion efflux.

Two members of the OMA family (1.B.18) are
presumed to function in exopolysaccharide export,
one member of the OprB family (1.B.19) probably
allows facilitation of small molecules across the
outer membrane, and the two members of the TPS
family (1.B.20) most likely export proteins. Most
of the six secretins (1.B.22) also probably function
in protein export. Finally, the two OmpW family
members (1.B.39) may export drugs and other
hydrophobic molecules.

A channel-forming colicin-like protein (1.C.1),
resembling colicin A of Citrobacter freundii, was

Copyright © 2005 John Wiley & Sons, Ltd.

found. A single holin (1.E.14), presumably invol-
ved in autolysin export for the purpose of promot-
ing cell death, is also present.

Secondary carriers

By far the largest number secondary carriers
encoded within the Rme genome are members of
the major facilitator superfamily (MFS). Rme has
83 recognizable MFS carriers. As shown in Table 3
and summarized in Table 4, 32 of these MFS per-
meases are putative drug/amphiphile/hydrophobe
transporters of MFS families DHA1 (16 mem-
bers), DHA2 (15 members) and DHA3 (1 member)
(Busch and Saier, 2002). Some of these are likely
to serve as lipid exporters, but others undoubtedly
play primary roles in defence, in toxic substance
export or in metabolite export.

Just one sugar transporter (SP family), one
organophosphate porter (OPA family), 15 metabo-
lite transporters (MHS family), three nitrate/nitrite
transporters (NNP family), and three oxalate : for-
mate antiporters (OFA) of the MFS allow uptake of
essential nutrients. Additionally, one SHS porter,
nine ACS porters, five AAHS porters, and one
CP porter all probably function to bring organoan-
ions into the cell. The OCT porter may transport
organocations. Other MFS paralogues represented,
with usually a single protein member in any one
family, undoubtedly transport a wide range of other
substances (Table 3).

Six amino acid/polyamine/organocation (APC)
superfamily members were identified. Two of the
subfamilies in the APC superfamily are repre-
sented. These porters are predicted to transport a
range of zwitterionic and basic amino acids.

The CDF family and the ZIP family of heavy
metal divalent cation transporters are represented
with three and one members, respectively. All three
CDF proteins have been characterized in detail
(Anton et al., 2004; Munkelt et al., 2004). They
belong to different clusters of the CDF protein
family (Nies, 2003) and transport Cd*", Co’*,
Zn**, Fe’™ and Ni’*t. A single member of the
NiCoT family (TC #2.A.53), probably a Ni**
transporter, was also identified. A related protein
is involved in nickel uptake for synthesis of the
hydrogenases in the related bacterium Ralstonia
eutropha (Degen and Eitinger, 2002; Eberz et al.,
1989; Eitinger and Friedrich, 1991, 1994; Eitinger
et al., 1997; Wolfram et al., 1991, 1995).

Comp Funct Genom 2005; 6: 17-56.
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Table 4. Family associations including subfamilies within the MFS, APC, RND, DMT, MOP and ABC superfamilies of
transporter constituents

Family Abbreviation Typical substrates No. of members (%)
LA VIC Na™, K+, Ca®*, multiple cations 2(02)
[.A8 MIP Hy O, glycerol, urea, polyols, NH3, CO;, 2(02)
AT CIC CI™, anions 4 (04)
[LA20 CytB H* I (0.1)
[LA22 MsclL Proteins, ions (slightly cation-selective) I (0.1
[.LA23 MscS lons (slight anion selectivity) 9(1)
LA30 Mot/Exb-Mot H*, Nat 2(02)
[LA33 Hsp70 lons, polypeptides 2(02)
I.A35 MIT Heavy-metal ions, Mg?, Mn?t, Co®*, Ni?t, Fe?t, 4 (04)

AP, M2t
I.B.1 GBP lons, small (M < 1000 Da) molecules 29 (3.1)
I.B.6 OOP lons, small molecules 3(0.3)
I.B9 FadlL Fatty acid, toluene, m-xylene and benzyl alcohol I (0.1)
I.B.I' FUP Protein folding and subunit assembly 3(0.3)
I.B.12 AT N-terminal protein domains I (0.1
I.B.14 OMR Iron—siderophore complexes, vitamin B>, Ccut, 17 (1.8)
colicin, DNA of various phages
I.B.17 OMF Heavy metal cations, drugs, oligosaccharides, proteins, 28 (3)
etc.
[.B.18 OMA Exo- 2 (0.2)
or capsular polysaccharide
I.B.19 OprB lons, small molecules I (0.1
1.B.20 TPS Proteins 2(02)
1.B.22 Secretin Proteins 6 (0.6)
I.B.39 OmpW Methyl viologen and benzy! viologen 2(02)

I.CI Colicin lons, small molecules I (C.1)

lE14 LrgA Holin Zn*t Fe?t I (0.1)

2.A MFS Various small molecules Total 83 (89)

-SSP (1) Sugars I 0.1)
-DHAI (12 spanner) (2) drugs Drugs 16 (1.7)
-DHA2 (14 spanner) (3) drugs Drugs 15 (1.6)
-OPA (4) Sugars, glycerol I (0.1)
-MHS (6) Dicarboxylates, tricarboxylates 15 (1.6)
-NNP (8) Nitrate, nitrite 3(0.3)
-OFA (1) Oxalate, formate 3(0.3)
-SHS (12) Sialate, lactate, pyruvate I (O.1)
-ACS (14) Organic acids 9(1)
-AAHS (15) Aromatic acids 5(05)
-CP (17) Cyanate I (O.1)
-OCT (19) Organic cations I (O.1)
-SET (20) Sugars I (0.1)
-DHAS3 (12 spanner) (21) drugs Drugs I (0.1)
-VNT (22) Neurotransmitter I (O.1)
-BST (23) Unknown 1.1
-PAT (25) Peptides, AcCoA I (0.1)
-UMC-terminal fragment (26) Unknown I (0.1)
-PPP (27) Phenylpropionate I (C.1)
-ADT (30) Abietane diterpenoid I (0.1
-Nre (31) NiZ+ 1 (0.1)
-Fsr (35) Fosmidomycin I (0.1)
-AtoE (37) Short chain fatty 2(02)
2A3 APC Amino acids, polyamines, choline Total 6 (0.6)
-AAA (1) Amino acids 5(0.5)
-CAT (3) Cationic amino acids I (0.1
2A4 CDF Cd>*, Co?t, zn?t 3(03)
2A5 ZIP Zn*t, Fe?t I 0.1

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 4. Continued

Family Abbreviation Typical substrates No. of members (%)
2.A6 RND Heavy metal ions, multiple drugs, oligosaccharides, Total 30 (3.2)
organic solvents, fatty acids, phospholipids, cholesterol
-HME (1) Heavy metals 17 (1.8)
-HAEI (2) Hydrophobe/amphiphiles 9()
-SecDF(4) Sec secretory accessory proteins 2 (0.2)
-HAE2 (5) Hydrophobe/amphiphiles I (O.1)
-ORF4 (8) Hydrophobe/amphiphiles I (0.1)
2A7 DMT Multiple drugs and dyes (mostly cationic) Total 18 (1.9)
-SMR (1) Drugs 2 (0.2)
-BAT (2) Unknown 2 (0.2)
-DME (3) Drugs, metabolites 12 (1.3)
-RarD (7) Chloramphenicol 2(02)
2A9 Oxal Proteins I (0.1
2A.10 KDGT 2-Keto-3-deoxygluconate I (0.1)
2A01 CitMHS Citrate I 0.1)
2A.12 AAA ATP, ADP I O.1)
2A.14 LctP Lactate I (O.1)
2A.19 CaCA Ca’* I 0.1)
2.A20 PIT Inorganic phosphate I (O.1)
2A21 SSS Sugars, amino acids, vitamins, nucleosides, inositols, 5(05)
iodide, urea
2A23 DAACS Cy4-dicarboxylates, acidic and neutral amino acids 5(05)
2.A24 CCS Mono-, di-, and tricarboxylates I (O.1)
2A36 CPAI Na*t/H*, Nat or KT/HT I 0.1)
2A37 CPA2 Nat/H*t or KH/HT 6 (0.6)
2.A40 NCS2 Nucleobases, urate 3(0.3)
2.AA45 ArsB Arsenite, antimonite I (Q.1)
2A46 BenE Benzoate I (O.1)
2.A47 DASS Dicarboxylates, phosphate, sulphate 4 (0.4)
2.A49 Amt Ammonium 2(02)
2.A51 CHR Chromate, sulphate (uptake or efflux) 4 (04)
2.A52 NiCoT NiZt, Co®* I (0.1
2A53 SulP Sulphate 5(0.5)
2.A56 TRAP-T C4-dicarboxylates, acidic amino acids, sugars? 6 (0.6)
2.A58 PNaS Inorganic phosphate 2(02)
2A59 ACR3 Arsenite I O.1)
2A64 Tat Redox proteins 4 (04)
2.A.66 MOP Drugs, lipid-linked oligosaccharide precursors Total 5 (0.5)
-MATE (1) Drugs 3(03)
-PST (2) Polysaccharides I (0.1)
-MVF (4) Unknown I (O.1)
2.A67 OPT Peptides 2 (0.2)
2A.69 AEC Auxin (efflux) 2 (0.2)
2AT72 KUP Kt (uptake) I O0.1)
2.A75 LysE Basic amino acids I (O.1)
2A76 RhtB Neutral amino acids and their derivatives [ (12)
2.A78 LIV-E Carboxylates, amino acids, amines (efflux) I (0.1)
2.A.80 TTT Tricarboxylate 74 (8)
2.A81 AAE Aspartate, alanine 2(02)
2C.1 TonB H™?, drives solute uptake across outer bacterial 5(05)
membranes
3A ABC All sorts of inorganic and organic molecules of small, Total 213 (23)

intermediate, and large sizes, from simple ions to
macromolecules
-CUTI( Sugars, metabolites 15 (1.6)

Copyright © 2005 John Wiley & Sons, Ltd. Comp Funct Genom 2005; 6: 17-56.
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Family Abbreviation Typical substrates No. of members (%)
-CUT2 (2) Sugars, metabolites 4 (04)
-PAAT (3) Polar amino acids 14 (1.5)
-HAAT (4) Hydrophobic amino acids 45 (4.8)
-PepT (5) Peptide, opine, nickel 33 (3.5)
-SulT (6) Sulphate, tungstate 6 (0.6)
-PhoT (7) Phosphate 6 (0.6)
-MolT (8) Molybdate 4 (0.4)
-PhnT (9) Phosphonate 6 (0.6)
-POPT(I1) Polyamine, opine, phosphonate 8 (0.9)
-QAT (12) Quaternary amine 5(05)
-VBI2T(13) Vitamin B I O.1)
-FeCT (14) Iron chelate 5(05)
-MZT (15) Manganese, zinc, iron chelate I (0.1)
-NitT (16) Nitrate, nitrite, cyanate 14 (1.5)
-TauT (17) Taurine 13 (14)
-BIT (20) Fe3t I (0.1)
-CPSE (101) Capsular polysaccharides 2(02)
-LOSE (102) Lipo-oligosaccharide 7 (0.8)
-DrugE [ (105) Drugs 2(02)
-HemeE(107) Heme 6 (0.6)
-ProtlE (109) Proteins I (0.1
-Prot2E (110) Proteins I (O.1)
-Drug RAT (120) Drugs 5(05)
-Drug RA2 (121) Drugs I (O.1)
-MacB (122) Macrolide 2(02)
-LPT (125) Lipoproteins 3(0.3)
-HMT (210) Heavy metals 2(02)
3A2 F-ATPase H*T, Na™ 8 (09)
3A3 P-ATPase Nat, Ht, Kt Ca?t, MgZt, Cd*t, Cu?t, zn?t, Cd?™, 12 (1.3)

Co?, NiZt, Ag™, phospholipids (flipping)
3A5 [ISP Proteins 5 (0.5)
3A6 ISP Proteins 10 (1.1)
3AT7 IVSP Proteins, protein—DNA complexes 20 (22)
3ALI DNA-T Single-stranded DNA I ©O.1)
3A12 S-DNA-T DNA, DNA—protein complexes 2 (0.2)
3AI13 FPhE Viruses I O.1)
3AI15 MTB Pilin/fimbrilin 18 (1.9)
3B.1 NaT-DC Na* 2 (0.2)
3D.1 NDH H* or Na™ (efflux) 19 (2)
3D2 PTH H* (efflux) 6 (0.6)
3D3 QCR HT (efflux) 3(0.3)
3D4 COX H* (efflux) 23 (2.5)
4.A.6 Man Glucose, mannose, fructose, sorbose, etc. 2 (0.2)
5A DsbD 2e” 2 (0.2)
5A2 DsbB 2e” I O.1)
5A3 PMO Proton translocation 7 (0.8)
8.A.l MFP Proteins, peptides, lipopolysaccharides, drugs, dyes, 25 (2.7)
signalling molecules, heavy metal ions, etc.

8.A3 MPAI Complex polysaccharides 3(0.3)
8.A4 MPA2 Complex polysaccharides I (O.1)
8.A7 El Sugars I (O.1)
8.A8 HPr Sugars I (O.1)
9.A2 MerTP Hg?* (uptake) 3(0.3)
9.A8 FeoB Fe?t (uptake) 1 (0.1)
9.A.10 OFeT Fe?* (uptake) 3(03)
9.Al7 PbrT Lead resistance 2(02)
9.A2I ComC DNA, proteins I (O.1)

Copyright © 2005 John Wiley & Sons, Ltd.
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Family Abbreviation Typical substrates No. of members (%)
9.B.3 MPE Lipid-linked murein precursors, such as 2 (0.2)
NAG—-NAM-—pentapeptide pyrophosphoryl
undecaprenol (lipid II)
9.B4 PET Unknown 4 (04)
9.B.10 MarC Multiple antibiotic resistance I (C.1)
9.B.14 HEP Heme 2(02)
9.B.17 FAT Fatty acyl CoA ligases (fatty acyl CoA synthases), 30 (3.2)
carnitine CoA ligases, and putative transporters
9.8.20 MgtC Mgt 2(02)
9.B22 PerM Unknown I (O.1)
9.B24 TEGT Glucose (and fructose?) uptake or metabolism, cell I (O.1)
death
9.B.26 PC-terminal fragment (7) Unknown I (0.1
9.B.30 Hiy 1l Unknown I (O.1)
9.B.32 VGP Polysaccharides 2(0.2)
9.8.37 HCC lons? 3(03)
9.B.40 DotA/TraY Unknown I (O.1)
9.B.42 ExeAB Secretin I (O.1)
9.B.43 YedZ Unknown I (O.1)
9.B.45 YnfA Unknown I (O.1)
9.8.53 uITe Unknown I (0.)
Unclassified Unknown I (.1
Total 932 (100)

The RND superfamily of export pumps is well
represented, with 30 members. Of these, over half
(17) in subfamily 1 are predicted to function in
heavy metal efflux. Another nine (in subfamily
2) probably export drugs and other hydrophobic
and amphipathic substances. The RND proteins
of Rme have been compared to those from other
bacteria recently (Nies, 2003). The two SecDF
system components (subfamily 4), facilitate protein
secretion via the general secretory pathway (Sec;
3.A.5). Lipid (subfamily 5) and pigment (subfamily
8) exporters may also be present.

Another well-represented superfamily encoded
within the genome of Rme is the drug/metabolite
transporter (DMT) superfamily, with 18 members
within four of the families of this superfamily. Most
of these transporters (families 1, 2 and 3) probably
function in drug and metabolite efflux, but one
(family 7) may be a sugar uptake permease.

A single putative 2-keto-3-deoxygluconate up-
take permease was identified. Additionally, one
member of the CitMHS (citrate uptake) family and
one member of the LctP lactate uptake family were
found. One system may export Ca’t (CaCA fam-
ily) while another may import phosphate (PiT fam-
ily). A surprise was the identification of a member
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of the ATP : ADP antiporter (AAA) family, because
such transporters were previously predominantly
identified in intracellular pathogenic organisms and
rarely in other bacteria (until now in Ralstonia
eutropha strain JMP134, Pseudomonas fluorescens,
Pirella, Rhodopirellula baltica and Magnetospiril-
lum magnetotacticum). However, what it could be
doing in a free-living organism remains to be deter-
mined.

Five members of the SSS family most resem-
ble characterized permeases for organoanions and
cations as well as a putative nitrogen sensor. All
of the five members of the DAACS family are
predicted to transport dicarboxylates. These may
include the two dicarboxylate amino acids, aspar-
tate and glutamate. A putative CCS family member
is also predicted to take up dicarboxylates. The
four DASS family members probably serve sim-
ilar functions but may also take up tricarboxylate
compounds.

Both the CPA1 and CPA2 monovalent cation
antiporter families are represented, with one and six
members, respectively. CPA1 family members are
predicted to be Na™ : H' antiporters, while CPA2
family members may be K™ efflux systems. Three
NCS2 nucleobase/nucleoside uptake systems and
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two Amt ammonia/ammonium transporters were
identified.

Two putative arsenite exporters (one of the ArsB-
type and one of the Acr3-type) were found. Four
potential chromate resistance (CHR) pumps and
five putative sulphate uptake permeases (SulP) may
be involved in chromate and sulphate metabolism,
respectively. The CHR and SulP porters may be
functionally related, since chromate is a sulphate
analogue.

Six constituents of the tripartite TRAP-T fam-
ily (2.A.56) may comprise three distinct systems
for dicarboxylate uptake. However, studies indi-
cate that members of this family may transport
substrates of diverse structure, rendering substrate
identification difficult. Only two TRAP-T recep-
tors but at least three large and one small integral
membrane constituents of these systems were iden-
tified. Because of rapid sequence divergence of
the small integral membrane constituents, some of
these proteins may have been missed. This situa-
tion can be contrasted with the superficially similar
tripartite TTT family (2.A.80), where 74 potential
constituents were found. Interestingly, about five
proved to resemble the large and 11 the small inte-
gral membrane constituents of these systems, while
58 proved to be homologous to TTT family recep-
tors. The occurrence of multiple probable receptors
for TTT family systems in some bacteria has been
noted before (Antoine et al., 2003).

Several additional families of transporters are
probably involved in nutrient uptake (BenE, OPT
and AAE) and metabolite efflux (AEC, LysE, RhtB
and LIV-E). All of these are concerned with trans-
port of peptides, amino acids and their derivatives.
The largest of these families is the RhtB family,
with 11 members. Additionally, constituents of a
TonB-ExbBD system, which probably functions
primarily to energize transport across the outer
membrane by a proton electrophoretic mechanism,
were identified.

A complete twin arginine targeting (TatABC)
system, as well as a single Oxal homologue,
is encoded within the genome of Rme. These
two independently acting systems function in the
secretion of a subset of extracellular proteins and
in the insertion of integral membrane proteins,
including redox enzymes, respectively (Yen et al.,
2002). Genome analyses of the leader sequences of
potential secretory proteins should reveal which are
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substrates of the Tat system and which are exported
via the Sec system.

Primary active transporters

The vast majority of protein constituents of pri-
mary active transporters encoded within the Rme
genome are members of the ABC superfamily; 213
proteins in Rme belong to this superfamily, 181
putative uptake system proteins and 32 putative
efflux system proteins. Most ABC systems consist
minimally of two membrane protein (M) and two
ATP hydrolysing cytoplasmic protein (C) subunits
which may be fused in various combinations. Con-
sequently, the basic unit of an ABC transporter may
be encoded by a single gene or up to four distinct
genes. Additionally, extracytoplasmic receptors are
associated with all uptake systems, and there may
be several of these per system. Therefore, it is not
possible to estimate accurately the number of intact
ABC transporters present. The problem is exac-
erbated by the fact that the constituents of ABC
systems are often encoded within multiple, non-
adjacent operons.

Table 4 summarizes the family associations of
the various ABC transporter constituents. The
ratio of sugar uptake system constituents (CUT1 +
CUT?2) to amino acid plus peptide uptake systems
(PAAT + HAAT + PepT) is 15:52 or about 1:4.
This fact, together with the corresponding analyses
of secondary carriers discussed above, reveals the
much greater dependency of Rme on amino acid
metabolism than carbohydrate metabolism (see also
Table 2). Values for numbers of sugar and amino
acid transporter constituents can be compared with
the total number of organic and inorganic anion
and cation uptake transporter constituents (about 20
of each). ABC-type efflux systems are concerned
with the export of drugs (10), complex carbohy-
drates (5), heme (6), proteins (5) and heavy metals
(7) (Tables 3 and 4).

Rme has a single multicomponent F-type ATPase
for the interconversion of chemical and chemios-
motic energy. It also possesses a dozen paralogous
cation transporting P-type ATPases. Three of them
have been characterized in detail (Borremans et al.,
2001; Legatzki et al., 2003a) and all of them have
been compared to P-type ATPases from other bac-
teria (Nies, 2003). Recently, the ongoing annotation
work  (http://genome.ornl.gov/microbial/rmet/)
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identified another P-type ATPase (ZP_00273 867)
that was not included here.

A complete multicomponent general protein
secretory (Sec) system (TC #3.A.5) was found in
Rme, and this system undoubtedly serves as the
primary protein export system for transport of pro-
teins from the cytoplasm to the periplasm (Cao
and Saier, 2003). However, Rme also has types
II (MTB), I and IV macromolecular export sys-
tems. The first of these functions exclusively to
export proteins across the outer membrane, but
the latter two transport their substrates across both
membranes. Type IV systems may also function
in conjugation, and, in plant pathogens, in DNA
export to the host cell. Additional potential DNA
translocation proteins of the DNA-T, S-DNA-T and
FphE families were also identified (Table 3). How-
ever, assignment of their specific functional roles
must await experimental studies.

The Na* transporting carboxylate decarboxy-
lases (TC #3.B.1) are multicomponent systems
where the B-subunit catalyses Na® export in
response to cytoplasm substrate decarboxylation
catalysed by the «-subunit. These systems mini-
mally require the presence of a-, 8- and y-subunits
(Dimroth et al., 2001). One such system may be
present in Rme.

Proton pumping electron carriers

Rme has a single member of each of the three
proton- or sodium-translocating electron transfer
complexes of the NADH dehydrogenase (NDH),
quinol : cytochrome ¢ reductase (QCR) and cyto-
chrome oxidase (COX) families. It also has at least
two multicomponent transhydrogenases (PTH fam-
ily). Rme therefore has a complete electron transfer
chain for oxidizing NADH, using molecular oxy-
gen as electron acceptor. All four electron carrier
complexes cited above have the potential to gen-
erate an ion motive force as a primary source of
energy. These coupled systems probably function
together under aerobic conditions. Other transmem-
brane electron flow systems that can influence cel-
lular energetics (class 5A and 5B) were also iden-
tified.

Group translocators

The complete phosphoenolpyuvate—sugar phos-
photransferase system (PTS; TC #4.A) is present
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in Rme. It includes, however, just one mannose
(Man)-type PTS permease (Zhang et al., 2003).
Only one Enzymes I and one HPr were identified.
It is clear that Rme possesses a minimal PTS, in
agreement with the earlier conclusion, based on
secondary and primary active transporter analy-
ses, that Rme is not strongly dependent on sugar
metabolism as a source of energy.

Poorly-defined transporters

Among the poorly characterized permeases of TC
class 9.A, Rme has systems that probably transport
heavy metal ions: mercury, iron, lead and magne-
sium. Several putative permeases of TC class 9.B
were also identified (Table 3), but their functions
are not known.

Perspectives and conclusions

We have analysed transporters in the heavy metal-
resistant organism, R. metallidurans (Rme). This
organism possesses several a-type channel pro-
teins. Some are concerned specifically with mono-
valent or divalent inorganic cation or anion trans-
port, but several non-specific stress response chan-
nels also appear to be present. Rme also has a
huge repertoire of outer membrane g-barrel porins
involved in transport of small molecules as well as
macromolecules across the outer membrane. Many
(e.g. OMRs) are probably specific for uptake, while
others (e.g. OMFs) mediate efflux.

Regarding secondary carriers for sugars, Rme
seems to have a very limited repertoire of such
systems relative to most other sequenced Gram-
negative bacteria, such as E. coli and other enteric
bacteria. Thus, Rme has only one MFS carbohy-
drate transporter in the sugar porter family. It has
no putative glycoside transporters of the GPH fam-
ily (TC #2.A.2). It does have a putative 2-keto-3-
deoxygluconate transporter of the KDGT family,
and it has a few ABC uptake transporters specific
for monosaccharides and small oligosaccharides of
the CUT1 and CUT?2 subfamilies, as well as a com-
plete phosphotransferase system. Rme may only
transport hexoses via the one PTS permease iden-
tified.

The capacity of Rme to transport carboxylic
acids and their derivatives as sources of carbon
appears to be fairly extensive. Thus, several fami-
lies of secondary mono- and dicarboxylate carriers
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(MFS, DAACS, DASS and TRAP-T) were identi-
fied. It also possesses members of the tricarboxy-
late transporting CitMHS, CCS and TTT families
(Winnen et al., 2003). ABC-type carboxylate trans-
porters were also found. Thus, the results point to
a strong respiratory-type metabolism, with greater
dependency on exogenous organic acids than car-
bohydrates.

Our genome analyses revealed several trans-
porters that are probably specific for amino acids,
peptides and their derivatives. Thus, for the uptake
of amino acids, three families of secondary carri-
ers were represented [MFS (MHS), APC and SSS],
while members of two ABC families with this
specificity (PAAT and HAAT) were found. For the
uptake of peptides, two potential families of sec-
ondary carriers (OPT, MPE) and one ABC family
(PepT) were represented. Finally, for amino acid
efflux, members of five potential families were
identified (DMT, AEC, LysE, RhtB and LIV-E).
It seems clear that the transport and metabolism of
amino acids and their derivatives is of considerable
importance to the lifestyle of Rme.

Our analyses also revealed a large number of
potential drug/hydrophobe/amphiphile export sys-
tems. Many of these belong to the DHAL, -2 and
-3 families of the MFS. While a few of these efflux
pumps may be involved in sugar export (Table 3;
Saier, 2000), it is possible that some export amino
acids and their derivatives, particularly those of a
hydrophobic nature. It should be noted, however,
that this has not yet been established for any mem-
ber of the three MFS DHA families.

Other families, including transporters that prob-
ably export hydrophobic substances, include the
HAE1 family in the RND superfamily, and the
DME family of the DMT superfamily. At least
some of these are probably concerned with drug
export. Members of the MATE family within
the MOP superfamily and several putative drug
exporters of the ABC superfamily may serve simi-
lar functions. All of these families are represented
in Rme. The diversity of substrates exported by
these systems has yet to be studied.

As noted in Table 2 and further exemplified
in Tables 3 and 4, over 220 transporters in Rme
are probably concerned with inorganic ion trans-
port. The following families are represented (see
Table 3): (1) for monovalent cations: VIC, CytB,
MscL, MscS, CPA1, CPA2, Amt, KUP, F-ATPase,
P-ATPase and four proton-translocating electron
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carriers (NDH, PTH, QCR and COX); (2) for di-
or trivalent cations: MIT, NNP(MFS), CDF, ZIP,
RND, CaCA, NiCoT, FeCT(ABC), MZT(ABC),
P-ATPase and MgtC; and (3) for anions: MFS,
Pit, ArsB, DASS, CHR, SulP, PNaS, ACR3,
SulT(ABC), PhoT(ABC), MoIT(ABC) and
NitT(ABC).

Inspection of Table 3 reveals possible trans-
porters for a variety of additional interesting
metabolites, such as organic anions (benzoate,
phenylacetate, cyanate, phosphonates, sulphonates).
Transporters specific for osmolytes, both purine
and pyrimidine bases and nucleosides, quaternary
ammonium compounds and possibly nucleotides
(ADP/ATP in the AAA family), were also iden-
tified.

An extensive repertoire of macromolecular ex-
porters was found. Protein secretion and membrane
protein insertion systems include the Sec, Tat, Oxal
and types I-1V systems. Complex carbohydrates
can probably be exported via MOP, ABC and VGP
family transporters. Possible lipid exporters of the
RND superfamily have been identified, and several
MFS and ABC systems may similarly catalyse lipid
‘“flip-flop’, which is equivalent to export from the
inner leaflet of the cytoplasm membrane bilayer to
the outer leaflet. Some of these transporters may
also export lipids from the inner membrane to the
outer membrane.

Finally, several of the identified transporters
could not be assigned even a tentative function.
It should also be kept in mind that transporters
that belong to functionally uncharacterized fami-
lies may not be included in the TC system and
therefore may not be identified using the computer
approaches used here. Although our studies have
revealed a disproportionate number of transporters
concerned with inorganic ion transport, particularly
with heavy metal resistance, and while these stud-
ies clearly point to the dominant types of metabolic
activity upon which Rme depends for energy, it
is clear that we are only at the beginning of an
understanding of the scope of molecular transport
processes in Ralstonia metallidurans.
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